Inbreeding is expected to increase the variability in size and shape within populations. The distinct effects of inbreeding on size and shape suggest that they are governed by different developmental pathways. One unresolved question is whether the non-allometric shape component is partially unconstrained developmentally and therefore whether shape is evolvable. In the present study, we utilized a mass outbred population of Drosophila melanogaster maintained at standard laboratory conditions. Eight lines with equivalent expected levels of inbreeding (F ª 0.67) were obtained by restricting the size of each population to two pairs for nine generations. Nine landmarks were measured on Drosophila wings of the inbreed lines and compared with those of the mass population. Wing landmarks comprise an excellent model system for studying evolution of size and shape. Landmark measurements were analyzed with a Procrustes generalized least squares procedure. To visualize global shape changes among samples, we reconstructed the mean shape and the shape changes related to both the allometric and non-allometric components. An increased variability in the non-allometric shape component was found with inbreeding. This indicated that shape was not entirely developmentally constrained, and therefore that shape appears to be evolvable.
INTRODUCTION
Studies in different species of the genus Drosophila have revealed that genetic variation for body size and shape occurs in natural populations (Stalker & Carson, 1947; Prevosti, 1955; David, Bocquet & De Scheemaeker-Louis, 1977; James, Azevedo & Partridge, 1997; Pezzoli et al., 1997; Huey et al., 2000; Gilchrist, Huey & Serra, 2001; Calboli, Gilchrist & Partridge, 2003; Gibert et al., 2004; Trotta et al., 2006) . In Drosophila, some quantitative traits provide more or less the same information because they are positively correlated (David et al., 2005) . For example, wing area is positively correlated with body size as a whole (Robertson & Reeve, 1952; Robertson, 1959; Misra & Reeve, 1964; Wilkinson, Fowler & Partridge, 1990; Partridge et al., 1994 Partridge et al., , 1999 Huey et al., 2000; Calboli et al., 2003; David et al., 2005 David et al., , 2006 .
The final size and shape of the Drosophila wing is the result of tight coordination among cell proliferation, apoptosis, cell allocation, and mitotic orientation (de Celis, 2003; Palsson & Gibson, 2004; Baena-López, Baonza & García-Bellido, 2005; Dworkin, Palsson & Gibson, 2005; Dworkin & Gibson, 2006) . The evolution of wing growth pattern appears to be highly constrained Pezzoli et al., 1997; Moreto et al., 1998; Klingenberg & Zaklan, 2000) . This could depend either on the homeostatic organization of the genetic system or on the inflexibility of the developmental pathway. Inflexibility in developmental pathways may be the outcome of natural selection and may result in high canalization (i.e. the ability of a genotype to produce the same phenotype) of the wing size and form because wing function is closely related to survival fitness .
The mechanisms responsible for the evolution of size and shape of Drosophila wings have previously been explored with quantitative and developmental genetic approaches. Adaptation to laboratory conditions (Cavicchi et al., 1985; Weber, 1990; Cavicchi et al., 1991; Santos et al., 2004 Santos et al., , 2005 , natural selection (Bitner-Mathé, Peixoto & Klaczko, 1995; BitnerMathé & Klaczko, 1999; Gilchrist et al., 2000) , and artificial selection (Weber, 1990 (Weber, , 1992 Guerra et al., 1997) can generate wing size and shape variation.
It is known that some components of wing shape are regulated largely independently of wing size (Weber et al., 1999 (Weber et al., , 2001 Zimmerman, Palsson & Gibson, 2000; Gilchrist & Partridge, 2001 ). These findings suggest that substantial additive genetic variance for wing size and shape exists within Drosophila populations, despite the developmental constraints on wing formation.
Developmental genetic studies have provided conflicting interpretations of the mechanisms that determine wing stability. The growing wing imaginal disc arises as a mosaic of cell proliferation centres (Gonzales-Gaitan, Capdevilla & Garcia-Bellido, 1994) located within the major wing compartments (anterior, posterior, dorsal, and ventral). These proliferation centres are restricted to the areas that give rise to the intervein regions of the adult wing. Thus, cell proliferation relates to the position of wing veins; in turn, such a position occurs at the thresholds of the graded activities of secreted growth factors, including Decapentaplegic (dpp) and Hedgehog (hh) (Lecuit et al., 1996; Nellen et al., 1996; Biehs, Sturtevant & Bier, 1998) . Assuming that there is sufficient genetic variation associated with these genes, it should be possible to modulate the relative size and position of wing compartments and, as a consequence, achieve different wing sizes and shapes.
The above examples have suggested that most populations do possess sufficient genetic variation to modulate wing size and shape independently in response to selection. However, the basic developmental mechanisms underlying the morphogenetic process appear to constrain the outcome of selection into a predictable formation . The wing vein network of Drosophila is regarded as an excellent model system within the framework of recently developed geometrically based methods for the statistical analysis of variation in size and shape, collectively referred to as geometric morphometrics (Rohlf & Slice, 1990; Bookstein, 1991; Rohlf & Marcus, 1990; Bookstein, 1996; Dryden & Mardia, 1998; Klingenberg, Barluenga & Meyer, 2002) . Wing size and shape can be analyzed with geometric morphometric approaches that precisely translate morphological variation (i.e. variation in form) into variables of size (mass of the organ) and shape; these can then be evaluated with the Procrustes method of obtaining coordinates of shape by removing the effects of size (Klingenberg et al., 2002) . The overall shape, in turn, may be expressed with two distinct components: an allometric component (i.e. variation in shape correlated with size changes) and a nonallometric component (i.e. variation in shape that is not correlated with size changes). Allometric components are defined as shape changes that are associated with size changes (Mosimann, 1970; Calder, 1984; Schmidt-Nielsen, 1984; O'Higgins, 2000; Penin, Berge & Baylac, 2002) , and these have been demonstrated in Drosophila wings (Baylac & Penin, 1998) . From a developmental point of view, allometric and non-allometric components arise from different origins. The allometric component arises from fundamental growth, in the sense that the increase/ decrease in size is followed by shape changes according to the basic developmental program. By contrast, the non-allometric component reflects the variability in the developmental program, which allows evolutionary changes in the basic developmental pattern. The latter component has typically been neglected in quantitative trait locus mapping experiments (Birdsall et al., 2000; Zimmerman et al., 2000) as well as in experiments that investigated the plastic or evolutionary response to the environment (Santos et al., 2004) , because the non-allometric component has been found to account for a relatively small part of the overall variation in shape. However, nonallometric components of shape may directly reflect the level of developmental constraint that acts on a morphological trait. Thus, investigation of the variation in non-allometric components of shape should not be ignored.
As a result of the great relevance of both size and shape in the evolution of biological forms, it is important to gain more knowledge on the different components of genetic variance that govern variation in morphology. In the present study, we investigated INBREEDING AND WING SHAPE VARIATION IN DROSOPHILA 627 genetic variability in the allometric and nonallometric components of wing shape in a laboratoryadapted population of D. melanogaster. Accordingly, we considered highly homozygous inbred lines and analyzed the wing sizes and shapes with the Procrustes analysis. Flies were reared under homogenous environmental conditions. Inbreeding experiments combined with geometric morphometrics can be powerful tools for estimating genetic variability in the developmental process of a population. Here, we partitioned genetic variability into three underlying aspects of morphological variation; size, sizedependent shape (i.e. relative size), and shape that is independent of size (i.e. developmental pattern).
We assumed that phenotypic differences among inbred lines were a result of the segregation of different genes that affected wing size and shape. Because the allometric and non-allometric shape variations may reflect two different aspects of wing development, their independent genetic control implied that the developmental mechanism underlying wing development could be modulated and a multitude of different forms could be generated.
MATERIAL AND METHODS

POPULATION ORIGIN AND INBREEDING METHOD
Populations of D. melanogaster from different geographical regions were mixed to ensure a genetically diverse starting population. A mass outbred population was established in August 2002 by mixing 600-700 flies each from four large pre-existing stocks in Aarhus laboratory (collected in Denmark, Australia, and the Netherlands). The inbreeding procedure was started eight generations after establishing the mass population . Eight lines with equivalent expected levels of inbreeding (F ª 0.67) were obtained by restricting the size of each population to two pairs for nine generations. Offspring from each line were collected as virgins; from these, two males and two females were randomly selected as parents for the next generation. After reaching the desired level of inbreeding, the population sizes were manteined to a minimum of 500 individuals per inbred line. In parallel, eight outbred control lines, founded by a minimum of 500 individuals, were started when the inbreeding procedures were initiated. Flies were reared and maintained at standard laboratory conditions (25 ± 0.2°C, 50% relative humidity, 12 : 12 h light/dark cycle).
EXPERIMENTAL PROTOCOL
Wings from two male offspring were sampled from each of 100 families from each of the eight inbred and the eight outbred (control) lines. Each family was founded by one virgin male and female that had been allowed to mate and lay eggs for 48 h. After emergence, the male offspring were collected and stored in Eppendorf tubes in a solution of alcohol and glycerol .
WING MEASUREMENTS
Left and right wings were removed from each fly and placed in a drop of lactic acid on a microscope slide and covered with a cover slip. All wings were photographed with a camera connected to a dissecting microscope and the images were stored directly on a computer with IM1000, version 1.2 software (Leica). Nine landmarks repeatables and representative of the whole wing were measured (Fig. 1) .
To quantify possible measurement errors, we measured the wings of 30 flies twice. The second set of measurements was made without reference to the first set. The coefficient of variation between individual measurements was taken as an estimate of the measurement error, given Haldane's correction for small sample size (Haldane, 1955) . Measurement errors were low for all wing measurements, in the range 0-0.8%, with a mean value of 0.5%. Therefore, all traits were included in the present study.
PROCRUSTES SUPERIMPOSITION
After the landmark coordinates were recorded, all wing configurations were superimposed onto a consensus configuration (the overall mean configuration) by using the Procrustes generalized least squares procedure (Rohlf & Slice, 1990; Rohlf & Marcus, 1990; Bookstein, 1996; Dryden & Mardia, 1998; Klingenberg et al., 2002) . Procrustes superimpositions consisted of three successive steps: (1) scaling: the configurations were scaled to a unit centroid size (i.e. the sum of the squared distances from the landmarks to the centre of gravity of the configuration); (2) translation: the centroid of each configuration was superimposed onto the centroid of the consensus configuration; and (3) rotation: the configurations were rotated to minimize the distances between the corresponding landmarks (i.e. to optimize the superimposition) (Dryden & Mardia, 1998) . The new coordinates, or Procrustes coordinates, were amenable to standard multivariate analyses. Because there are four eigenvalues equal to zero in the Procrustes fit, generalized inverses must be used. For each individual, the data consisted of landmark coordinates and a centroid size averaged over the left and right wings; this procedure has been shown to increase the quality of the data (Arnqvist & Martensson, 1998) .
SIZE VARIATION
The wing size of an individual was estimated by the centroid size of its landmark configuration. (Slice et al., 1996) . In the present study, wing size was used as a measure of body size because wing area is positively correlated with body size (Robertson & Reeve, 1952; Robertson, 1959; Misra & Reeve, 1964; Wilkinson et al., 1990; Partridge et al., 1994 Partridge et al., , 1999 Huey et al., 2000; Calboli et al., 2003; David et al., 2005 David et al., , 2006 . Wing size is also less variable than thorax length (another common measure of body size), and the measurement errors are lower than those for other morphological traits .
The effect of inbreeding on wing size was appraised by applying a nested analysis of variance (ANOVA) to centroid size; the nested ANOVA included 'breeding regime' (control or inbred) as the main fixed effect, 'line' nested within 'breeding regime', and 'replicate' nested within 'line'; then, 'breeding regime' was considered a random effect.
SHAPE VARIATION
We tested for shape variation among populations by applying a multivariate analysis of variance (MANOVA) to the Procrustes coordinates with 'breeding regime' as a main effect and lines nested within 'breeding regime'. We conducted a discriminant analysis combined with a canonical variate analysis, which considered 'breeding regime' an independent factor. This approach allowed optimal visualization of the relative positions of the different lines in the multivariate statistical space by maximizing the betweenline variation.
To test for size effects on shape variation, allometric corrections were performed with multivariate regression of the Procrustes coordinates (the dependent variables) on centroid size (the independent variable).
The predicted values were used as shape variables that accounted for size-dependent shape variation (i.e. the allometric component of shape); then, the residuals were used as shape variables independent of size (i.e. the non-allometric component; Monteiro, 1999) . To test whether the allometric component of shape variation was influenced by inbreeding, we performed a MANOVA on the predicted values, with 'breeding regime' as a main effect and the lines nested within 'breeding regime'. A discriminant analysis was also conducted on the residual values.
A principal component analysis was performed to visualize patterns of global shape variation (i.e. relative warps analysis) among lines. The relative warps were visualized with thin-plate spline transformation grids of landmark positions. The theoretical mean configurations were also reconstructed with the predicted values for the allometric component, and the residuals were added to the grand mean configuration for the non-allometric component.
The Procrustes superimposition and the relative warps analysis were performed in PAST, version 1.90 (Hammer, Harper & Ryan, 2001 ; http://folk.uio.no/ ohammer/past); all the other analyses in the present study were performed with R software (R Development Core Team, 2005) .
RESULTS
SIZE VARIATION
The mean sizes of wing centroids from males of the eight outbred control lines and the eight inbred lines are shown in Figure 2 . The mean wing size of the outbred control lines was larger than that of the inbred lines ('breeding regime', P < 0.001; Table 1 ) and also less variable. We also found significant differences among lines, which we attributed to divergence between inbred lines. We found no significant differences among replicates (the two male offspring).
SHAPE VARIATION
A 'breeding regime' effect was found in the MANOVA on Procrustes coordinates, which was highly significant (Wilk's l = 0.483; F15,1594 = 113.8, P < 0.001); this suggested that wing shape varied between outbred and inbred populations. The 'line' effect was also found to be significant (Wilk's l = 0.009; F210,16441 = 46, P < 0.001); this indicated that overall shape differences existed among lines. The discriminant analysis combined with a canonical analysis provided clear discrimination between inbred and outbred lines (the first canonical axis accounted for 99% of the total variance; Fig. 3 ). This indicated that an increase in the between-line variance occurred in response to inbreeding.
The multivariate regression coefficient showed that the effect of Procrustes coordinates on centroid size was highly significant (r = 0.562, P < 0.001). In addition, we observed a high amount of allometry in the Drosophila wing that accounted for 76.4% of the total shape variance (23.6% for the non-allometric component). The MANOVA showed that the effect of the 'breeding regime' on the predicted values was highly significant (Wilk's l = 0.65; F 15,1594 = 56, P < 0.001).
We also performed a discriminant analysis combined with a canonical variate analysis on the residuals, i.e. the non-allometric component of shape variation (Fig. 4) . The inbred lines were separated from the outbred lines along the first canonical axis (CA1, 99% of total variance), again, showing an increase of the between-line variance in the inbred lines.
The MANOVA showed that the effect of the 'breeding regime' on the residuals values was, again, highly significant (Wilk's l = 0.74; F 15,1594 = 30, P < 0.001). 
on wing centroid sizes of the outbred control lines and the derived inbred lines. The nested ANOVA included breeding regime (i.e. difference between outbred and inbred lines) as a fixed effect, 'line' nested within breeding regime, and 'replicate' (i.e. two male offspring from the same family) nested within line. ***P < 0.001; d.f., degrees of freedom; MS, mean square; F, variance ratio. 
SHAPE RECONSTRUCTION
The shape changes (viewed as deformation grids) related to the global, allometric, and non-allometric shape components, for the inbred and outbred lines are shown in Figure 5 . The differences among inbred lines are more evident than those among outbred lines for both global shape and the non-allometric component. For inbred lines, the allometric variation mainly consisted of a contraction of the wing, principally as a result of a proximalization of the anterior crossvein (i.e. a shift of landmarks G and H toward landmark I; Fig. 1 ). The non-allometric variation and the overall shape changes involved different landmarks for the outbred and inbred lines. The differences between outbred and inbred lines in global shape were most evident in the central part of the wing; there, the distances between the anterior and posterior crossveins (landmarks E and F) were longer in inbred than in the outbred lines. In addition, the posterior compartment (landmarks C, D, E, and F) was deformed and flattened in the inbred lines. The differences between outbred and inbred lines were more evident for the non-allometric component. The inbred lines showed the same deformation observed for the whole shape, although the outbred lines showed an enlarged posterior compartment.
DISCUSSION
The results obtained in the present study indicated that genetic variation does exist in the allometric and non-allometric shape components of the Drosophila wing. Furthermore, these components can be modulated independently, thus allowing a certain level of flexibility in evolutionary adaptation of the wing shape, irrespective of changes in size. Thus, even in genetically hardwired developmental programs such as that in Drosophila, which determines pattern formation in early development, there appears to be sufficient genetic variation to enable evolutionary changes.
Inbreeding resulted in a decrease in wing size compared to the outbred control population. It is known that wing size is positively correlated with body size in Drosophila (Reeve & Robertson, 1952; De Moed, De Jong & Scharloo, 1997) , and it is generally closely associated with survival fitness (Trotta et al., 2007) ; thus, it was not surprising that the average body size was reduced after inbreeding.
The decrease in wing size with inbreeding indicated that the population investigated was disadvantaged as a result of inbreeding depression of this trait. This was in accordance with other studies that observed inbreeding depression of wing length but not with studies on inbreeding effects on wing width (Wright, Figure 5 . Thin-plate spline deformations. Differences between outbred and inbred lines for the global shape, the allometric component, and the non-allometric component are shown as thin-plate spline deformations. Deformation grids show the shape changes relative to parental outbred and inbred lines. Thin-plate spline deformation grids have been accentuated by a factor of ten to enhance visual interpretation. Tregenza & Hosken, 2008) . In some studies, inbreeding also led to increased differences in size and shape (all shape components) among inbred lines. This increase in differences is a common consequence of inbreeding, even for traits that were not depressed by inbreeding. This can partly be explained by two mechanisms: (1) with inbreeding, genetic variance is distributed more between lines than within lines (Falconer & Mackay, 1996) and (2) inbreeding tends to increase the environmental variance between inbred lines ) (e.g. as a result of the expression of deleterious conditional alleles) (Vermeulen & Bijlsma, 2004) .
The results of the present study also showed that inbreeding was associated with an increase in between-line phenotypic variation in wing size. This suggested that, despite being highly inbred, some populations may maintain high survival fitness (and evolutionary potential) (Kristensen et al., , 2008 Joubert & Bijlsma, 2010) .
We found that the investigated population of D. melanogaster possessed enough genetic variability to independently change wing size and shape. This implied that the developmental mechanism underlying wing development could be modulated. The developmental program typically adjusts different modules of an organ (or organism) proportionately, which results in allometric variation; on the other hand, genetic control also exists in individual modules (Cavicchi, Pezzoli & Giorgi, 1981; Cavicchi et al., 1985; Cavicchi et al., 1991) , and such modularity can evolve into a new possible developmental pathway.
In the present study, all shape components showed an increase in the between-line and a decrease in the within-line variances after inbreeding. The results obtained in the present study suggested that allometric and non-allometric shape variations may reflect two different aspects of wing development. The allometric component illustrated how shape changed when size changed; it simply reflected how the overall mass was distributed in various wing regions when the size or the number of cells varied according to the developmental constraints of wing development. The non-allometric component reflected a specific effect of developmental genes that interacted to control various developmental modules for building a complete morphology. Natural populations appear to possess a surprising amount of this type of genetic variation, and this enables them to generate a multitude of different forms, although the functional implications of wing shape variation are not clear. There is an apparent lack of wing shape variation observed within most Drosophila populations, particularly in components of wing shape that are independent of wing size. This must reflect both a certain level of developmental constraint and a certain level of natural selection that acts on wing shape.
